The high-speed, high-efficient, compact phase modulator array is indispensable in the Optical-phased array (OPA) which has been considered as a promising technology for realizing flexible and efficient beam steering. In our research, two methods are presented to utilize high-contrast grating (HCG) as high-efficient phase modulator. One is that HCG possesses high-Q resonances that origins from the cancellation of leaky waves. As a result, sharp resonance peaks appear on the reflection spectrum thus HCGs can be utilized as efficient phase shifters. Another is that low-Q mode HCG is utilized as ultra-lightweight mirror. With MEMS technology, small HCG displacement (~50 nm) leads to large phase change (~1.7 π). Effective beam steering is achieved in Connie Chang-Hasnian's group. On the other hand, we theoretically and experimentally investigate the system design for silicon-based optical phased array, including the star coupler, phased array, emission elements and far-field patterns. Further, the non-uniform optical phased array is presented.
INTRODUCTION
Optical-phased array (OPA) has been considered as a promising technology for realizing flexible and efficient beamsteering that avoids mechanical moving parts. Through manipulating the phases of individual array unit, the propagating direction and field pattern of the outgoing beam can be tuned accordingly. Therefore, OPA can be potentially utilized in various application, including optical wireless communication and integrated display.
Among OPA, a compact, high-speed, high-efficient phase modulator array is one of key components. With the development of silicon photonic technology, the silicon-on-insulate (SOI) become promising platform to realize integrated phase modulator. In our research, we propose to utilize high-contrast grating (HCG) as phase modulator. It is proved that HCG possesses high-Q resonances that origins from the interfering of resonance waves. As a result, sharp peaks appear on the reflection spectrum, which can be adopted to realize efficient phase shifters. We proposed a semianalytical model to depict the behavior of electromagnetic field within the HCGs. The high-index contrast, which weakens the validity of the perturbation assumption that was applied in some conventional models, has been properly treated in our semi-analytical model. Thus we can perform a systematic optimization of HCG devices. Moreover, the reflection spectrum has been observed from our measurement system, to confirm the findings of high-Q resonances within HCG.
Another OPA scheme in which the low-Q HCGs have been adopted as broadband mirror is investigated in Connie's group. A high speed novel 8x8 optical phased array based on high contrast grating all-pass filters with low voltage microelectromechanical actuation is demonstrated. Each array element is an all-pass filter (APF) at 1550 nm with a HCG as a reflective top reflector and a distributed Bragg reflector (DBR) as the bottom reflector. The incident light comes at surface normal to the APF; the phase of the reflective light can be tuned efficiently with a small actuation distance of the HCG. Beam steering is demonstrated by creating a near-field reflection phase pattern with different actuation voltages on individual pixels. Wavelength (µm) 1.9 On the other hand, we also propose another system scheme of OPA in which conventional silicon waveguide phases modulator are designed and the HCGs have been utilized as optical antenna. We theoretically and experimentally investigate the system design including the star coupler, phased array, emission elements and far-field patterns.
OPTICAL PHASED ARRAY BASED ON HIGH-CONTRAST GRATING

HCG with high-Q Resonance
A HCG is schematically shown in Fig. 1 . High index refractive dielectric bars (typically silicon) are surrounded by low refractive index material (air in most cases). HCG structure can be described by following parameters: the period (Λ), duty cycle (DC), thickness of gratings (t g ), and refractive index of dielectric (n). The HCG is essentially a subwavelength grating, i.e., the incident wavelength is larger than the grating period. Therefore, all non-zero order diffraction modes of the grating are evanescent, and only the 0th-order mode is able to radiate outside the grating 1,2 . Figure 1 . Schematic of an HCG, the blue bar illustrate the grating.
The HCG can be regarded as a dielectric waveguide with periodic modulated refractive index. On phase matching condition, two counter propagating waves dominate the energy inside the grating, referred to as "basic waves". These two basic waves share the same absolute value of wave vector, but propagate in opposite directions. When they are in phase, the constructive interference makes the energy radiates out through 0th order diffraction easily, results in the low-Q mode. On the contrary, when basic waves are out of phase, they interfere destructively. For a horizontally symmetric HCG, the corresponding radiative waves of cancel each other out, leading to the high-Q mode. In this case, no energy radiates out of the grating 3 . Therefore, the high-Q mode bandwidth on the transmissivity/reflectivity spectrum is extremely narrow. Hence, this mode becomes a promising candidate for an efficient phase shifter. In practical cases, defects or limited length of HCG will lead to finitely high Q mode. Here we assume a slightly oblique incident light to illustrate the typical spectrum of HCG device, as shown in Fig. 2 . The bandwidth of the high-Q mode is ultra-narrow. At the same time the central wavelength of the high Q mode is affected by many factors, including the duty cycle, period, refractive index of dielectric, and incident angle. Consequently, this HCG can be applied in varieties of optoelectronic devices, including ultra-wideband filters and 6 , high-Q optical resonators, and hollow-core waveguides (HW) 7 .
Analysis of HCG based Phase Shifters
We propose to use HCG as phase shifters, by utilizing its high Q resonance. With RCWA method, the relationship between the central wavelength of resonance peak and the refractive index of dielectric is numerically investigated. We found that the central wavelength increases when the refractive index of the dielectric slab increases. Analysis over a large number of the parameters indicates that the ratio dλ/dn mainly depends on the refractive index. For silicon gratings, the central wavelength changes about 0.4 nm when the refractive index change of 0.001 is applied. The reflectivity or transmissivity of the resonance mode can be expressed with Lorentz Function.
Here 0  is the central wavelength, 0  is the phase shift at the central wavelength, and 2 w is the full width at half maximum (FWHM). According to characteristics of HCG, the Q-factor and wavelength of the high Q mode is depended on incident angle, defect, limited length, and HCG geometry parameters. Applying these rules to a non-radiative resonance mode, the bandwidth and central wavelength can be designed and engineered to desire values. The change of central wavelength 0 d leads to the transmitted light at resonance peak possessing a phase shift and loss, given by the following equations:
And hence, the loss can be written as 
Experimental Observation of High-Q mode
We established a HCG normal incident reflectivity spectrum measurement system, as shown in Fig. 4 . The measurement system mainly consists of four parts: incidence part, reflection part, sample observation part and output measurement part. Laser light is incident into the system through a fiber collimator, focused on the sample by a microscope objective lens. The reflected light amplitude is transferred into voltage by the photodiode, observed on an oscilloscope and measured with digital data acquisition device. With this system, the reflectivity spectrum of HCG sample is able to be measured. High Q mode is obvious on the spectrum, as shown in Fig. 5 . 
HCG-APF OPA
OPA can also be realized through MEMS technology 8, 9 . By utilizing the HCG low-Q mode character, i.e., broadband high reflectivity, Prof. Connie Chang-Hasnian's group experimentally demonstrated highly effective OPA, with fast response time(< 4 microseconds), large field of view(±2°) and narrow beam divergence(0.1°) 10 . In this solution, HCG is utilized as ultra-lightweight mirror. With MEMS technology, small HCG displacement (~50 nm) leads to large phase change (~1.7 π) 11 . Therefore, effective beam steering is achieved. 
SYSTEM DESIGN OF SILICON-BASED OPTICAL PHASED ARRAY
The typical structure of OPA system can be mainly divided into three parts by function: beam splitter, phase shifters and grating array. Considering of large-scale integration and system performance optimization, star coupler, electro-optical (EO) modulators and grating array are introduced to form the silicon-based OPA system. Fig. 8 shows the system structure of the silicon-based optical phased array. 
Star coupler
The traditional OPA system generates the far-field waveform by adjusting the phase shifters part only while the amplitude of emission elements is uniform. However, phase control alone is not enough for beam forming since one optical field includes phase as well as amplitude. Here in our proposal, the freedom of amplitude control is added in beam splitter part in order to optimize the far-field waveform.
For the purpose of amplitude control and large-scale integration, 1×N star coupler is introduced instead of multimode interference (MMI) or cascaded Y-branch optical coupler which are commonly used in on-chip OPA systems. Star coupler have more adjustable parameters to shape output amplitude distribution and can splitter beam directly without cascaded structure. The output number
Then we turn to engineer the output amplitude distribution of star coupler to achieve better far-field waveform. Base on the Fourier optics, the relation between the near-field wave front and the far-field wave front is proved to hold as a Fourier transform pair 12 and the uniform distribution of the near-field wave front can be regarded as the rectangular window. The side lobes of far-field wave front are caused by the rectangular window which is cut off sharply. So we need to find slowly varying distribution function to suppress the side lobes with specified width of main lobe.
C. L. Dolph has presented a means of improving the pattern of linear antenna arrays based on the properties of the Tchebyscheff polynomials by which the side-lobe level can be minimized when the first null is specified 13 . This algorithm is applied to optical domain and deduce Dolph's calculation to change the condition from specified first null to specified half-power point for our demand. After using the improved Tchebyscheff algorithm to get amplitude distribution, the apodization of the near-field is achieved and the simulation result of 1×16 OPA in Fig. 9 (a) shows a side-lobe level decrease of nearly 18 dB while the FWHM shows slight increase from 1.64° to 2.08°. Fig. 9(b) illustrates the side-lobe level with uniform amplitude distribution and Tchebyscheff apodization amplitude distribution when the number of array elements increases. It shows the decrease of side-lobe level is about 17 dB on average. Based on the optimized amplitude distribution, we begin to design the star coupler using the structure which was firstly mentioned by C.Dragone 14 . By adjusting parameters using beam propagation method (BPM), we can achieve the Tchebyscheff apodization amplitude distribution deduced above. Fig. 10(a) shows the simulation result of designed star coupler by BPM. The star coupler was realized on SOI with the top silicon layer 220 nm-thick and the buried oxide layer 1-μm thick. The total size is about 40 μm ×60 μm. Fig. 10(b) shows the SEM images of the device details. The star coupler was tested on a standard integrated optics setup with a tunable laser. Fig. 10(c) shows the near-field pattern of the light from the output spots, where the amplitude distribution decreases from the center to the edge as design. Fig.  10(d) reveals the average amplitude measurement results of 16 outputs, which are very closed to the designed distribution. Moreover, the insert loss of the designed star coupler was less than 1 dB which is much lower than other tunable optical coupler structure. 
Phase shifter
To obtain a small chip size and maintain a considerable array number, we need phase shifters with high modulation efficiency. Considering the high thermo-optical coefficient (TOC) of silicon, it's natural to employ thermo-optical effect to phase shifting 15, 16 . Nevertheless, due to its protracted response time, the speed of the whole system is limited to about 100 kHz, which is far from industrial practicability. In the meantime, typical electro-optical (EO) modulator is focused more on speed. Thus carrier-depletion structure is widely used to achieve a broad bandwidth 17 , yet the length to shift π phase is too tremendous to form a large scale. To meet the requirements of OPA systems and seek for a balance between bandwidth and efficiency, we've chosen a p-i-n carrier-injection structure as our phase shifter and optimized the phase shifter on a 220 nm SOI platform.
The simulating calculation is under 2-D device simulation package SILVACO and Finite-difference time-domain (FDTD) methods. Fig.11 (a) illustrates the cross-section of the optimized result. The 600nm-wide rib with 130nm etched slab on each side is designed to satisfy the single mode condition at 1550nm
  . The width W between rib waveguide and doped region is a key factor to design. Greater W increases the carrier drifting time and brings a bigger junction capacitance, causing a decreasing of bandwidth and a gaining of extra energy loss. While smaller W leads to a larger light consumption and may cause a thermo-optical cross-talk in different channels. The modeling results also predict that the transient performance of the device is affected significantly by the contact width. To diminish the thermal influence and guarantee a fair response time, the contact width is set at 9.5 μm. Fig. 4 (b) the electrical pulse is given at t = 10 ns and removed at t = 100 ns. It shows that the main limit is due to the rise time r  , which is a response of carriers being injected to the intrinsic region and recombining.
Under the thermal-safe circumstance, the calculated bandwidth is 47 MHz, which is hundreds of times faster than the existing thermo-optical results.
(a) (b) Figure 11 . (a) Cross-section through active region of the phase shifter on 220 nm SOI platform.(b) Calculated transient performance for the reference modulator. The electrical pulse is given at t = 10 ns and removed at t = 100 ns.
Antenna array design
The HCGs have been utilized as optical antenna. Beam emission is achieved by a curved HCG array 15 . Each element is curved in order to reduce the length of the taper between waveguide and grating. The emitter measures 3.0 μm in length, 2.8 μm in width. By optimizing the period, duty cycle, and etch depth of the curved grating coupler, the 3D FDTD . Thus an irregularly spacing array is designed to decrease side lobe 19 which is a main difficulty that impede OPA beam steering from achieving high performance and practical application.
Using greedy method to calculate emitter spacing, an 8×8 OPA nonuniform spacing output array is shown in Fig. 12 . Each inserted emitter spacing is calculated to vanish the most powerful side lobe. With emitter number added, a set of optimized spacing which form an irregularly sequence are gained. Fig. 12(a) and Fig. 12(b) manifest that the nonuniform spacing array can decrease impact of side lobe efficiently. In a 2D OPA, nonuniform spacing optimized by greedy method can ensure more centeredlight intensity, and then achieve a wide range beam scanning.
(a) (b) Figure 12 . Far-field interference pattern of 8×8 array of (a) uniform spacing design and (b) nonuniform spacing design.
SUMMARY
In summary, the HCG devices for high-Q mode and low-Q mode are investigated theoretically and experimentally. The experiment shows that a high-Q HCG device of about 2500 at 1532 nm is obtained. An example of HCG phase shifter shows that the phase shift of 1.25 rad is provided if the corresponding central wavelength shifting about 3.8 pm.
A novel 8x8 optical phased array using HCG-APF is experimentally demonstrated for beam steering. The key advantage of using HCG APF is its high efficient phase tuning, i.e. small HCG MEMS mirror displacement (~50 nm) for large phase change (~1.7 π), and small voltage actuation (10 V) for fast beam steering (>0.5 MHz).
An advanced conventional silicon-based OPA scheme is investigated, in which the waveguide amplitude and phase modulator are designed and the HCGs have been utilized as optical antenna. The freedom of amplitude control is nearly no loss added in beam splitter design. After using the improved Tchebyscheff algorithm to get amplitude distribution, the apodization of the near-field is achieved and the simulation result of 1×16 OPA shows a side-lobe level decrease of nearly 18 dB. A p-i-n carrier-injection structure is chosen as the phase shifter which is hundreds of times faster than the existing thermo-optical results. The HCGs have been utilized as optical antenna. Simulation shows that the maximum radiation efficiency of 67% at a central wavelength 1550 nm is obtained for a curved HCG element. Furthermore, in a 2D OPA, nonuniform spacing optimized by greedy method decreases impact of side lobe efficiently.
